Improvement of the design and reliability of aeronautical composite structures requires an identification and characterization of their damage evolution. By providing surface thermal fields, infrared thermography has allowed considerable progress in the detection of degradation phenomena. On the other hand, acoustic emission is employed to record the transient waves resulting from released energy during a damage process. This study intends to combine simultaneously these nondestructive methods to investigate the damage behaviour of carbon-fibre composites under tensile load. Experimental results show some correlations between thermal and acoustic events induced by the load according to the damage development.
Introduction
The use of composites in the aerospace industry has increased dramatically since the 1970s. The primary benefits of composite structures are the reduction of weight and the simplification of assembly. Composite materials such as carbon fibre-reinforced composites are very used for many structural applications [1] . When they are in service, different types of mechanical and thermal loads are applied to these structures, resulting delamination or disbonding for high level of solicitations. Defects such as random inclusions or undesirable material have also been found during the manufacture process of composite materials [2] . These damages or defects may decrease even more the composite structures reliability lading consecutively to the introduction of high safety factors.
To optimize the design of composite structures, it is then required to identify and characterize as precisely as possible the damage evolution of these materials. The identified information will then allow predicting the behaviour of the structure by the use of adjusted models.
Nondestructive experimental characterizations show nowadays a major advantage for studying the damage process. In the aeronautic industry, there exists various nondestructive testing (NDT) used either for health monitoring of the aerostructure [3, 4] or for damage mechanisms monitoring [5] . Some results have showed that infrared thermography and acoustic emission are qualified techniques for these studies, either for monotonic or fatigue tensile mechanical loads [6] .
Infrared thermography (IT) is a non-destructive, non-intrusive, non-contact technique that provides mapping of thermal patterns (or thermograms) on the surface of objects. In the mechanical field, the measured radiation can result from two kinds of sources: an external excitation (halogen lamps, xenon flash, etc.) or from the deformation of the material itself due to the thermoelastic couplings and the dissipations. This method has been used for monitoring damages under stress in monotonic loading [2] or fatigue [7] .
Acoustic emission (AE) has been developed to acquire in situ information during a mechanical load of a structure. The energy released during a damage process is detected by piezoelectric sensors in form of transient elastic waves. About 15 waveform parameters (amplitude, energy, counts…) can be studied from the acquired waves. These information can be then used to correlate the acoustic emission activity with the damage evolution of the materials. Some works have showed that damage in composite materials such as matrix cracking, fibre cracking or interfacial debonding can be identified by the use of acoustic emission [8, 9] .
Some other works have showed that these both techniques (IT and AE) can be correlated for damage identification and characterization. By combining both methods, it is possible to acquire in situ information about the fatigue damage in metallic materials, ceramic or glass composites [5, 6, 10] . Nevertheless, the coupling of surface temperature (thermograms acquired by IT) with AE parameters can be difficult in the case of monotonic load of composite materials due to low temperature variations [7] . The temperature itself could reveal some important dissipative phenomena [2] but yet it should not be considered as a relevant indicator since it does not take into account the external exchanges with the outside for example [11] . That is why the damage analysis with IT should be studied through the heat source and not only through the surface temperature variations.
The aim of this paper is to combine infrared thermography with AE parameters for damage identification in carbon-epoxy unidirectional laminates subjected to axis and off-axis tensile loads. In the case of IT, analyses are done by determining the heat source fields from the temperature fields by taking into account the anisotropic material symmetry [7] . In the case of AE, Unsupervised Pattern Recognition Algorithms are used to identify the damage mechanisms.
Specimen and experimental setup

Specimen
A carbon fibre reinforced laminate is considered for this study. The composite is made of 14 unidirectional plies of prepreg Hexply M10R/38%/UD150/CHS leading to a 2 mm thickness composite with fibre volume fV of 62%. The reference of the fibre is TORAY T700S. Sample fabrication is carried out using the manual lay up technique. Then the sample is cured at 125°C during 90 minutes at a pressure of 2 bars. This sample is representative of a transversely isotropic composite. To obtain the tensile samples, the cured plate is cut according to the standard ISO 527-5 [12] . Two composite directions are obtained after cutting the plate (0° and 90°). Figure 1 shows the axis fibre direction (direction x3) for each category of specimen.
Fig. 1. Fibre direction for each kind of specimen
The thermophysical properties are given in table 1. ρ is the density measured experimentally; C is the specific heat provided by the data software Granta CES selector; α is the coefficient of thermal expansion obtained by [13] ; kLf (respectively kTf) are the heat conduction coefficient of the fibre in the longitudinal (respectively transversal) direction given by fibre manufacturer (Toray Carbon Fibers Europe); km is the heat conduction coefficient of the matrix (epoxy) indicated in the software Granta CES selector; time decrement τ is experimentally evaluated by warming the specimen and then by waiting to the return to initial temperature. 
Table 1. Thermal properties of the carbon/epoxy laminated composite obtained from different references
Properties ρ C τ αL αT kLf kTf km Units [kg m -3 ] [J kg -1 °C -1 ] [s] [C -1 ] [C -1 ] [W m -1 C -1 ] [W m -1 C -1 ] [W m -1 C -1 ]
Experimental setup
The tensile tests are made at ambient temperature. These tests are performed with an electromechanical testing machine INSTRON 5500. 2 tests are carried out according to the fibre direction, 0° (axial load along the direction x3) and 90° (axial load along direction x2) (figure1). To check the reproducibility of the response, three specimens are considered for each loading direction.
The thermal acquisition is done with a FLIR Titanium SC7000 retrofitted camera. Automatic calibration, control of the camera and data recording are done by Altair software. Acquisition frequency is 150 Hz. So as to limit surrounding influences, a data processing after the acquisition phase has provided the temperature variations fields ΔT = T -T0 over the sample, with T the temperature field at time t and T0 the temperature field in the initial state t = 0. Such relative analysis avoids the most disturbing effects, including environmental ones, and highlights the thermal events induced in the material.
The acoustic emission activity is recorded during the tensile test using AEwin for SAMOS software. The data acquisition system is composed by a PCI8 board in which two channels are used. The AE monitoring is conducted using two piezoelectric sensors mounted on one side of the specimen. The sensors are attached using mechanical support while supplying the necessary acoustic coupling agent. The WD sensors are wideband with frequency band-width between 100 kHz and 1 MHz. In view of environmental noise in the laboratory, the acquisition threshold is set to 32-35 dB. The acquired signals are amplified by 40 dB. Two sensors have been positioned at the top and bottom of the specimen in order to derive the location of the AE events. The full experimental setup is shown in figure 2.
Fig. 2. Experimental setup
Heat source identification
As explained in the introduction section, the purpose of the present study is to correlate AE information with the heat source obtained by infrared thermography. Heat source st produced by the material is composed of the mechanical dissipation and of the thermoelastic coupling (temperature and strain). The heat source assessment is based upon the following assumptions: the temperature variation has no influence on the microstructure state, internal coupling sources are neglected, external heat rext does not depend on the time, coefficients k, ρ and C remain constant during the test and heat sources are assumed homogeneous through the thickness (low thickness compared to the sample's length and width). Under these assumptions, the heat diffusion equation can be written as follows (Eq. (1), [11] ).
( ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ ) (1) Regarding the heat sources determination, one of the main contribution of this work is to take into account the anisotropic symmetry of the material. Existing works often deal with isotropic materials (especially metallic, [7, 14] ) in which the thermal conductivity k remains a scalar value. In our case, 2D orthotropy is considered. It means that the second order conductivity tensor exhibits two eigenvalues related to fibre and transversal directions of the material. In view of the lack of experimental data, this work relies on a homogenization approach to address such issue. In agreement with the material morphology, the Mori-Tanaka approach [15, 16] is used to derive the effective thermal conductivity of the material by assuming fibres as infinite length cylinders inclusions [17] . Expressions of thermal conductivities related to fibre direction and to the transversal direction are detailed in Eqs. (2) and (3) and table 2 gives the numerical results in the present case. (2) [ ] To determine the heat source, a spatial-median filter is first applied to the recorded thermal fields due to high noise in the recorded temperature. That operation takes the temperature of the pixel and replaces it by the median value of all the pixels in its spatial surrounding [18] . This operation is carried out for each thermal frame in the analyzed game of frames.
To solve Eq. (1), the classical left derivation is applied for temporal term and for the spatial conduction laplacian term ( ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ ) central derivation is used. This type of derivation is commonly used in signal processing field [18] . Filtering on the derived terms is needless due to well reduction of noise of the thermal fields with the spatialmedian filter.
Pattern recognition method of AE
Noesis Software is used for post processing of the recorded acoustic emission signals. Pattern recognition techniques are applied by the use of k-means algorithm for acoustic emission signal classification [19] . The aim is to identify the damage mechanisms for each fibre direction. For instance, some works [9, 20] have showed that fibre breakings, interphase failures and matrix crackings can be identified separately by this way.
K-means is a simple iterative algorithm, aims at minimizing the square error for a given number of clusters. The algorithm, starting with the initial clusters specified, assigns the remaining points to one of the predefined clusters by nearest neighbour classification. The cluster centers are updated and the process continues until none of the patterns changes class membership [19] .
The classification procedure is investigated with several different features and number of classes. The features taken into consideration are chosen according to their degree of correlation to each other and can be different for each loading direction (that is for each damage process involved).
Results
For 0° specimens, AE analysis is based on rise time, energy, duration and amplitude. Those four parameters are correlated to identify 3 classes, each class corresponding to one specific damage mechanism.
For 90° specimens, rise time, duration and amplitude are the features chosen to converge into 2 classes. Fibre breaking is not a damage mechanism for 90° specimens.
With the purpose of correlating acoustic emission to heat sources, two assumptions are taken into account. The liberation of energy due to a specific damage phenomenon produces an acoustic emission and a heat source at the same time. The second assumption is that the acoustic emission with the most high amplitude and energy is related to a high heat damage source. Figure 3 shows on the amplitude versus time graph the classes of AE data obtained after the application of the pattern recognition method. Three groups are clearly distinguished. The red group with the lowers amplitudes corresponds to the matrix cracking, the green group refers to the debonding and interphase failure and the last blue group corresponds to the fibre breaking. We can see that the fibre breaking generates AE at high amplitudes in regards to the others damage mechanisms.
Correlation results for 0° tensile test
Fig. 3. Cluster results of acoustic emission for 0° tensile test
Correlations between AE and TI measurements have been done between several heat sources and acoustic events of high amplitude and high energy. As an illustration of the analysis, the procedure and results are explained here on the case of the one specific AE event selected on figure 3. Figure 4 shows the thermogram (figure 4a), the heat source (figure 4b) and the located amplitude (figure 4c) for this damage that appeared at 128.428 seconds after the beginning of the tensile test. According to the figure 3, this damage (at this specific time) corresponds to a fibre breaking. We can see that the amplitude of the analyzed acoustic event is around 79 dB (figure 4c). To correlate that specific AE to the heat source, it is needed to analyse the maximum of heat source at a specific timespan. We have considered an interval of 1 s around the AE event (128.428 0.5 s) which includes 150 thermal frames. During this timespan the maximal heat source is obtained at 128.407 s. (error of 0.02%) for the pixel highlighted in figure 4b. Figure 5 shows that for such analyzed pixel, the heat source gets indeed its maximal value at the AE event time. Figure 4c provides the location of AE events during the test. Events take place all along the specimen length, which stands in agreement with the post-mortem observation shown in figure 4d and its heat source (breaking time) (figure 4e). We can clearly see that the final breaking of 0° specimens results from macroscopic debonding in the fibre direction.
Fig. 4. Correlation between heat source and acoustic emission amplitude for the 0° specimen
Regarding the specific event highlighted in figures 3 and 4b, we can see that the location of the heat source and acoustic event stand in the same zone of the specimen (lower part) near the sensor number 2 (indicated by the green number 2 in figure 4c ). The error of the AE location in regards to the heat source is 25%. However, it is important to note here that the location in AE is done by measuring the velocity of the wave for each specimen in the initial state. The slight difference in location may thus be explained by velocity change induced by the damage and load applied. 
Correlation results for 90° tensile test
The same analyzes were carried out for 90° specimens. In this case, not the amplitude but the acoustic energy is taken in consideration for the analysis. Figure 6 shows the classes of AE for the 90° specimen. As explained before, only two groups are needed according to the damage mechanisms for this fibre direction: the red group represents the matrix cracking and the green group refers to debonding. The AE corresponding to the matrix cracking have the lowest energy and amplitude. In this case the analyzed AE corresponds to a debonding (selected AE event in figure 6 ). This allows observing that debonding or delamination also create heat sources as important as the fibre breaking.
Fig. 6. Cluster results of acoustic emission for 90° tensile test
In the same way, a specific timespan is selected for the analysis. Figure 7 shows the thermogram (figure 7a), the heat source (figure 7b) and the located acoustic energy (figure 7c) for the selected damage at 42.220 seconds after beginning the tensile test. As explained above and according to figure 6, this damage (at this specific time) corresponds to an internal debonding. The acoustic energy for this specific damage is 38 aJ (figure 7c) which is high in regards to the others AE. For the analysis we have considered an interval of 1 s (42.220 0.5 s) which leads to 148 thermal frames to be analyzed. During this timespan the maximal heat source is founded at 42.216 s. (error of 0.01%) (Figure 7b) . Again, figure 8 shows the correspondence between AE event and maximal value of the heat source for the analyzed pixel. Some high heat sources can be seen some milliseconds before and after the analyzed instant but should be considered as parasite events generated by some thermal noise since they do not correspond to any AE.
Fig. 7. Correlation between heat source and acoustic emission energy for the 90° specimen
In this case, the location of the heat source and the acoustic event are also in the same zone of the sample (near sensor number 1) with an error of 21%. In addition to the changes in velocity, such difference may be related to much more brittle character, and therefore instable of the failure in that case. Indeed, it is shown in figures 7d and 7e the final failure breakdown occurs in the fibre axis, induced by the failure of the weakest point of the epoxy matrix (the breakdown is transversal to the load axis). The full load of the tensile test is supported by the matrix (epoxy) and so the break takes place transversally to the load axis. 
Conclusions
In this study, combined analysis of carbon-epoxy composite subjected to axis and off-axis tensile tests is done by means of acoustic emission and infrared thermography measurements. Heat sources are obtained from the processing of the thermal fields and by using homogenization technique (Mori-Tanaka approach) to derive the effective orthotropy conductivity tensor. Acoustic emission technique is also used as a damage detection technique to identify and locate the damage events during the load.
By the use of Unsupervised Pattern Recognition Algorithms, three damage mechanisms are found in specimens at 0° according to the load axis matrix cracking, debonding and fibre breaking). In the case of 90° specimens, two damage mechanisms are found (matrix cracking and debonding).
Disbonding and fibre breaking are damage mechanisms that produce heat sources. It is found that acoustic emissions with high amplitude and high energy can be well correlated to high heat sources produced by these damage mechanisms evolutions. The accuracy of detection in the time is very optimal, while accuracy regarding the location is not precise and could be attributed to velocity change during the test.
Further works need now to be conducted to decompose the total heat source between the mechanical dissipation and the thermoelastic coupling. Also, this combined measurement approach should be put in place for the analysis of damage process of composite under dynamic load (fatigue) to confirm the correlation between acoustic and thermal events.
